The high flow-rate centrifugal fan needs a three-dimensional impeller to achieve a high efficiency. In this paper, the design procedure of a high-efficiency three-dimensional centrifugal fan is presented. First, the main dimensions of the fan were calculated by using the conventional one-dimensional method. Then, the blade loading or the angular momentum distribution along the meridional streamline on the blade surfaces is prescribed. After that, the three-dimensional blade is determined by using the streamline curvature method. With the aid of numerical simulations, the performance of the three-dimensional fan was improved and some of the key influence factors were investigated. The analyses indicate that, as to the high flow-rate centrifugal fan, the Stanitz modified formula is recommended to calculate the separation radius, r b . A proper increase in the separation radius is beneficial for the fan's performance. It is also indicated that a decrease in the angular momentum on the hub leads to an increase in total pressure efficiency, under the condition of a given constant mean angular momentum at the outlet of the blade. In addition, the installation of a fairing on the hub plate can improve the fan's efficiency evidently when the streamline curvature method is adopted to design the three-dimensional impeller.
neural network method, to improve the pressure ratio. The results showed that the pressure ratio of the optimum impeller at the design flow coefficient was enhanced by 2.43% in comparison with the reference impeller, and the pressure ratios at the off-design flow coefficients were also improved. In the research of Shibata et al. [3] , five types of unshrouded impellers were designed, manufactured, and tested to evaluate the effects of blade loading, back sweep angle, and relative velocity diffusion ratio on the compressor performance. It was concluded that an increased relative velocity diffusion ratio coupled with large back sweep angles was a very effective way to improve the compressor stage efficiency. An appropriate blade loading distribution was a key factor in achieving a wide operating range as well as high efficiency. In their later study [4] , the blade loading distribution was further optimized, with four shrouded impellers being designed, manufactured and tested, to evaluate the effects of blade loading, back sweep angle, and relative velocity diffusion ratio on compressor performance. It was concluded that aft-loading coupled with a high degree of reaction was a very effective way to improve surge margin as well as stage efficiency. In the aerodynamic design of a centrifugal impeller with the pressure ratio up to 6.2, Zangeneh et al. [5] found that the choice of a strongly aft-loaded hub and mildly aft-loaded shroud for the main blade helped to provide good compromise between suppression of secondary flows and decreasing the shock losses in the inducer. Furthermore, by unloading the hub and mid-span rapidly in the inducer area, it was possible to reduce the shock strength in the inducer from mid-span to hub. The conclusions of Xi et al. [6] and Geng et al. [7] also indicated that the angular momentum distribution along impeller surface has a great influence on the performance of centrifugal impellers. At present, investigations and explorations into the aerodynamics of the centrifugal compressor impeller almost cover its every aspect, and the impeller with three-dimensional (3D) blades has been adopted in practice for decades.
Compared with the vast papers published on centrifugal compressor impellers, only a few documents were devoted to the aerodynamic design and optimization of the impeller of centrifugal fans, with less being focused on the 3D impeller. The major reason is that the centrifugal fan's impeller is generally manufactured by welding steel plates. Therefore, it is hard to make the meridional flow path as smooth as those of centrifugal compressors [1] and pumps [8] , and the channel has to take the simple shape as that shown in Figure 2 in reference [9] . In addition, because the diameter of a large centrifugal fan's impeller can be up to 3 -4 meters, its blades are generally two-dimensional (not twisted blades) [10] [11] in order to reduce manufacturing costs. This tradition even affects the design of the impeller in small centrifugal fans [12] and the impeller using air-Open Journal of Fluid Dynamics foil-shaped blades [13] .
The centrifugal fan has the features of a high flow rate and a large relative width of the impeller. This implies that the 3D impeller is more suitable to be adopted to face the complex internal flow fields in the centrifugal fan, which attracted the attention of some researchers. For example, in 2007 Tsai and Wu [14] designed a miniature 3D centrifugal fan's impeller by just modeling a compressor prototype which has a high pressure ratio. They matched the impeller with a volute and manufactured the 3D impeller by CNC 5-axex machines. Unfortunately, the experimental measurements showed that at the same low rotational speed of 2000 rpm, both of the flow rate and pressure rise of the 3D fan were less than the commercial fan in the market, and the designed fan was rather inefficient either. In the study of Lee et al. [15] , they designed a 3D impeller by adding an inducer to the 2D blades, which is a common practice in the design of 3D compressor impeller in the 1970s. But the efficiency of this centrifugal fan is only 70%. Kruyt and Westra [16] designed the 3D blades of centrifugal pumps and fans by changing the stacking condition at the trailing edge in combination with the prescribed mean-swirl distribution along the blade. By altering a parameter called "q", the blades loads can be changed from the front-loading to the aft-loading. This paper is dedicated to exploring a reliable method on the design of a high-efficiency 3D centrifugal fan. In this paper, the aerodynamic load of the angular momentum (rV θ ) along the blade surface is controlled by proposed piecewise polynomials. Then the 3D blade is determined by using the streamline curvature method. After that, the flow field and aerodynamic performance of the 3D fan are simulated and analyzed, to determine the best design, with the volute and air inlet being designed in the conventional way. Finally, the high efficiency 3D centrifugal fan is made and tested.
Theory and Methods

Distribution Law of Angular Momentum
The distribution law of angular momentum on the blade surface is prescribed by three polynomials. The partition of the blade meridional channel is schematical-Open Journal of Fluid Dynamics ly shown in Figure 1 . Accordingly, the three polynomial curves are applied to the blade inlet zone (transition zone), middle zone (middle blade region) and exit zone (impeller slip zone), respectively.
The actual expressions of the angular momentum distribution of each segment in Figure 1 are given as below.
In the transition zone from the leading Edge 1-1 of the blade to Section L-L:
In the middle blade region from Section L-L to b-b:
In the impeller slip zone from Section b-b to the exit of the Blade 2-2:
( )
where m is the relative length along the meridional streamline from the leading edge to the trailing edge of the blade, and the value range is 0 -1.
It is assumed that no pre-swirl and no air impingement occurring at the leading edge of the blade, and let ( ) 1 0
In addition, the angular momentum at the outlet of the blade is assumed
In order to ensure the continuity and smoothness of the angular momentum distribution curve, the first derivative of the three polynomials at Sections L-L and b-b is required to be equal. In this way, the angular momentum distribution along meridian streamline at the hub and shroud of the blade can be completely controlled. By simple algebraic operation, it can be seen that the whole curves of the piecewise power function is determined by the three values
By altering the three values, and the blade loading can been changed as the fore-loading or the aft-loading type.
In above expressions, the separation radius, r b , is usually determined by the Stanitz formula as follows: where 2 r is the outer radius of the impeller, 2 τ is the blade blocking factor at the blade outlet and N is the blade number.
Because the blade passage of the fan's centrifugal impeller is usually shorter than that of compressor's, the calculated separation radius r b of above formula is often too small. In order to solve this problem, the Stanitz correction formula is used as follows:
where l b is the length of meridional streamline of the separation point b from the blade leading edge, and r b is determined by the length of l b . Table 1 shows the design requirements of a high flow-rate centrifugal fan. Table   2 shows the preliminary design results of the centrifugal fan using one dimensional design method. The relative outlet width of the impeller is 0.2, which is a rather large value. The shapes of the shroud and hub are both made up of an arc line and a straight line, as shown in Figure 2 , to facilitate the convergence of the streamline curvature method.
Design of the 3D Centrifugal Fan
The angular momentums of the shroud and hub at the impeller exit are set to , respectively. The angular momentum along the shroud is shown in Figure 3 (a). The angular momentum gradient distribution near the shroud is shown in Figure 3 (b), which is a uniform loading distribution. Similarly, the angular momentum distribution near the hub also uses the uniform loading method. Figure 4 shows the shape of the designed the three-dimensional impeller. 
Simulating Models and Boundary Conditions
The volute and collector are designed by using the conventional 1D design method. The overall shape of the physical models for performance simulations of the 3D fan is shown in Figure 5 .
To simulate the performance of the 3D fan, the CFX 15.0 software was used and the collector was extended and a uniform inlet velocity was used on the inlet boundary. Table 3 . The frozen rotor is used to treat the interface between the rotor and the stationary elements.
Results and Discussion
Influence of Separation Radius
The position of Section b-b in the meridional flow path of a centrifugal compressor impeller is usually determined by the Stanitz formula, Equation (4).
Because a high flow-rate centrifugal fan usually has a large diameter ratio of D 1 /D 2 , the meridional blade path of a fan's impeller is usually shorter than that of the compressor's. As a result, the calculated separation radius, r b , is often too Table 4 shows the aerodynamic performance of the fan designed with different separation radius, in which Scheme 1 is the simulation result with the separation radius determined by Equation (5). For Schemes 2 to 4, the separation radius, r b , is gradually increased. Figure 7 shows the distribution of angular momentum and its gradients along the streamline near the shroud for the 4 Figure 7 . Distribution of angular momentum and angular momentum gradient along the streamline near the shroud: (a) Angular momentum; (b) Angular momentum gradient.
schemes, respectively. The distribution of angular momentum and its gradients along the streamline near the hub is in the similar way to the distribution near the shroud. Open Journal of Fluid Dynamics
From Table 4 , it can be seen that the variation in the separation radius does not lead to evident changes in the total pressure of the impeller. But the total pressure and the efficiency of the fan increase with the separation radius. The total pressure efficiencies of fan and the impeller of Scheme 4 rise by 2.67% and 0.81%, respectively, compared with those of the initial scheme, Scheme 1. The velocity contours at 50% span of impellers of Scheme 1 and Scheme 4 are shown in Figure 8 . It can be seen that the distribution of velocity in Scheme 4 is more uniform than that of Scheme 1.
Influence of the Outlet Angular Momentum and the Fairing
Usually, the velocity distribution at the impeller exit is not uniform along the The conventional fan's impeller is usually welded by steel plate, so the hub takes the shape as shown in Figure 9 (a). When the air flows from the impeller eye to the blade, the abrupt 90-degree turn would result in energy losses. In Scheme 6, a fairing with the shape of an arc line or the called spinning body is added on the hub plate, as shown in Figure 9 (b). In Scheme 6, the blade is extended on the body of the fairing. On the contrary, in Schemes 1 -5 the leading edge of the blade were placed nearly at the end of the fairing in designing the impeller, and the fairing was removed in simulations. Table 5 shows the aerodynamic performance of Schemes 4, 5 and 6. Compared with Scheme 4, the total pressure efficiency of the fan of Scheme 5 rises by 0.76%. In addition, the total pressure of the fan of Scheme 6 rises by 50 Pa, and the total pressure efficiency increases by 1.82%, compared with Scheme 5. This may be due to the design method, which adopted a curve made up of an arc and a straight line for the shapes of both the hub and the shroud, to facilitate the implement of the streamline curvature method. But in the simulations, the fairing was removed to imitate the situation of the simple plate hub.
The total pressure, static pressure and velocity contours of Scheme 4 (left) and 
Volute Design
The spiral volute is designed in terms of the conventional method, and the overall profile of the volute is shown in Figure 11 . The geometrical dimensions of the volute are calculated by the following expressions: (  )   2  2  I  2  II  2  III  2  IV  2   1  3  5  7  1 1.05 , , ,
where A represents the expanding rate of volute.
The volute is another important element in centrifugal fan. To obtain a high-efficiency fan, four schemes of the fan are designed with only the values of A for the volute being changed (the width of the volute keeps unchanged). Table   6 shows the aerodynamic performance of Schemes 7 to 10. As shown, Scheme 9 has the highest total pressure efficiency and total pressure rise.
Because scheme 9 has the highest total pressure, it is selected as the final design. Figure 12 shows the total pressure contour and streamline of the scheme 9. The flow fields inside the fan are obviously uniform and there exist no evident reverse flows.
The designed fan has been manufactured, as shown in Figure 13 . The prototype of Scheme 9 has been tested in a company's test rig. The test results agree well with the simulated performance, but the detailed data were kept in the company and is not given to us.
Conclusions
In this paper, a high flow-rate centrifugal fan with a 3D impeller is designed. The main dimensions of the impeller were firstly determined by using the conventional methods. Then the shape of the 3D blade was designed by prescribing the blade loading, or the angular momentum, along the blade meridional streamlines, in combination with the streamline curvature method. The aerodynamic performance of the designed fan was obtained by numerical simulations and a high-efficiency 3D fan was successfully designed. In the design process, the influence of some key parameters was compared and analyzed. Some conclusions are obtained as follows:
For a high flow-rate impeller, the blade passage is usually short. The calculated separation radius is often too small by using the common Stanitz equation.
It is suggested to use the Stanitz correction equation to determine the separation radius which is the starting point to consider the slip effect of the flow in the impeller. The numerical results show that the aerodynamic performance of the 3D fan can be improved with further properly increasing the separation radius. For the high flow-rate 3D impeller, the total pressure efficiency will be high when the angular momentum near the shroud is slightly larger than that on the hub side.
The installation of the fairing on the hub plate can enhance the fan's efficiency evidently. It is recommended to install this fairing for the 3D impeller when the impeller is designed on the basis of the streamline curvature method.
